Dietary restriction extends lifespan in a variety of organisms, but the key nutritional components driving this process and how they interact remain uncertain. In Drosophila, while a substantial body of research suggests that protein is the major dietary component affecting longevity, recent studies claim that carbohydrates also play a central role. To clarify how nutritional factors influence longevity, nutrient consumption and lifespan were measured on a series of diets with varying yeast and sugar content. We show that optimal lifespan requires both high carbohydrate and low protein consumption, but neither nutrient by itself entirely predicts lifespan. Increased dietary carbohydrate or protein concentration does not always result in reduced feeding-the regulation of food consumption is best described by a constant daily caloric intake target. Moreover, due to differences in food intake, increased concentration of a nutrient within the diet does not necessarily result in increased consumption of that particular nutrient. Our results shed light on the issue of dietary effects on lifespan and highlight the need for accurate measures of nutrient intake in dietary manipulation studies.
Introduction
Aging leads to increased susceptibility to metabolic diseases such as type 2 diabetes and cardiovascular disease. Hence, understanding the nutritional drivers of metabolic aging is of major interest for human health and evolutionary biology. Dietary restriction (DR), the reduction of nutrient intake short of malnutrition, appears to improve measures of human health and extends the lifespan of various organisms ranging from yeast to primates (Fontana et al. 2010) . Therefore, the interaction between diet and lifespan may involve highly conserved mechanisms, highlighting the value of model organism research.
In mammals, the lifespan-extending effects of DR have been classically attributed to reduced caloric intake (Bordone and Guarente 2005) . However, studies using isocaloric diets with altered nutrient composition also affect lifespan (Iwasaki et al. 1988) . It remains unclear which nutrients have the greatest impact on longevity. In Drosophila, it has been claimed that protein is the main dietary determinant of lifespan, with carbohydrates having little or no effect (Grandison et al. 2009; Mair et al. 2005) . In general, these studies suffer from (1) the lack of direct measurements of food intake, precluding interpretation of their results and (2) the use of very limited ranges of nutrient concentrations-typically only two concentrations per nutrient.
In contrast, a recent comprehensive study used a nutritional geometry approach, encompassing 28 experimental liquid diets, to investigate nutrient-specific effects on lifespan in individually housed female flies (Lee et al. 2008 ). In contrast to previous studies in Drosophila, the authors conclude that both carbohydrate and protein have pivotal effects.
Flies were longest-lived at a relatively high dietary carbohydrate-to-protein ratio (C:P) of 16:1 (Lee et al. 2008 ). However, flies in this study were all significantly short-lived compared to those maintained under more commonly used laboratory conditions. Hence, the general applicability of their intriguing findings has remained uncertain and further studies are warranted-using different gender, strains, and laboratory conditions-to clarify these nutritional associations.
We measured nutrient consumption and lifespan in male flies of two Drosophila laboratory strains (Canton-S and Dahomey) fed up to eight different diets with varying yeast and sucrose content. We found that median lifespan is optimal at a relatively high C:P (10:1 to 20:1), consistent with previous studies (Lee et al. 2008) . Low protein and high carbohydrate consumption maximize lifespan, while neither parameter alone is sufficient to ensure optimal longevity. Precise feeding measurements demonstrate that the dietary concentration of a particular nutrient correlates poorly with its actual consumption. Interestingly, our studies suggest that fly feeding behavior is driven by a daily caloric intake target and our results stress the importance of measuring food intake and considering macronutrient ratio in aging studies.
Materials and methods

Fly culture and reagents
Canton-S and Dahomey flies were developed in bottles (6 or 8 oz. sizes) on a standard food depending on site (Lewis medium (Lewis 1960) or Bloomington cornmeal-sucrose-yeast). Males were collected 2-4 days after eclosion on CO 2 anesthesia and subsequently maintained on the experimental diet in vials (polypropylene, 25 × 95 mm). All flies were maintained in a humidity-and temperature-controlled incubator at 25 °C and 60% relative humidity under a 12/12-h light/dark cycle. Bacto™ agar and yeast extract were from BD Diagnostic Systems. All other fly food components were obtained from Fisher Scientific (Pittsburgh, PA), VWR (Radnor, PA), or Genesee Scientific (San Diego, CA).
Experimental diets
Fly food was prepared essentially as described (Ja et al. 2009 ). Solid food diets were based on a cornmeal-sugar-yeast medium containing a base of 0.5% (w/v) Bacto™ agar, 8.6% (w/ v) cornmeal, 0.4% (v/v) propionic acid, 0.06% (v/v) phosphoric acid, and varying concentrations of sucrose (1%, 5%, and 20%, all w/v) and Bacto™ yeast extract (0.25%, 1%, 4%, or 5%, all w/v). Briefly, agar was boiled in water prior to adding yeast extract and sucrose with vigorous stirring. After the components were dissolved, cornmeal (8.6%, w/v) was slowly added to prevent clumping and the food was simmered for 3-5 min. After cooling to about 65 °C, the final volume was adjusted with ddH 2 O and propionic and phosphoric acids were added from a 100× stock solution. Food was dispensed into vials (2 mL) and stored at 4 °C. Fresh food was prepared every 1-2 weeks. Liquid diets for the CAFE assay did not include cornmeal or agar. These yeast extract/sucrose solutions were sterile-filtered before use.
Lifespan assays
Males (20-30 flies/vial) were scored for survival and transferred to fresh medium every 2-3 days. Trays of vials were placed randomly in the incubator and positions were rotated after each transfer to minimize the effects of microclimate. For experiments where water was provided, 400 µL of 1% agar was dispensed onto the vial wall approximately 3 cm from the bottom. Survival data are reported as the time since the flies were initially placed on the experimental diet. Comparisons of lifespan shown in individual figure panels are derived from a single initial population of flies.
Feeding rate determination
Food intake using radioisotope labeling was measured essentially as described (Ja et al. 2009 ). Flies were maintained identically as for the lifespan assays. After a period of habituation (typically 1-2 weeks), flies were transferred to medium supplemented with ~1 µCi/mL [α-32 P]-dCTP. After 24 h of feeding on radiolabeled food, flies were transferred to empty vials, allowed to groom for 20 min, and then frozen. Flies were assayed in 5-10 mL of scintillation fluid (ScintiVerse™ BD Cocktail, Fisher Scientific, or equivalent) in a scintillation counter to measure accumulated 32 P. Aliquots of labeled food were used to convert scintillation counts to mass or volume. For the plots where consumption is related to lifespan, food intake was typically measured from 4 to 6 vials each containing 10-20 flies. All measurements within an individual figure panel were derived from a common initial population of flies. Liquid food intake was measured using the CAFE assay, performed as described previously (Ja et al. 2007 ).
Statistical analyses
Protein and carbohydrate contents of diets were calculated using nutritional information from manufacturers (yeast extract: 51% protein + 16.33% carbohydrate; cornmeal: 7.5% protein + 78.8% total carbohydrate). Log-rank tests of survival data and correlation analyses (Pearson's for linear or Spearman's for non-linear relationships) were calculated using Prism (version 5.04, GraphPad Software, La Jolla, CA). Scatter plots were fitted using Excel (Microsoft, Redmond, WA) using linear (y = mx + b) or power (y = mx b ) functions. Differences in feeding between diets were determined by one-way ANOVA and TukeyKramer post-hoc test for multiple comparisons.
Results
Nutrient ingestion and lifespan
In Drosophila, the effect of DR on lifespan has been claimed to be mediated largely by dietary protein, with other nutrients playing at most a small role (Grandison et al. 2009; Mair et al. 2005) . However, Drosophila DR research has classically suffered from methodological issues that complicate the interpretation of previous work. In particular, diet manipulations are generally not accompanied by measurements of actual long-term food intake. A remarkably comprehensive study used the capillary feeder (CAFE) system (Ja et al. 2007) and 28 different diets in a geometric framework to relate nutrient intake to fitness parameters such as lifespan and fecundity (Lee et al. 2008 ). The authors found that low protein-high carbohydrate ingestion was essential for maximal lifespan, as neither low protein nor high carbohydrate consumption alone was sufficient to ensure longevity. The longest lifespan was observed on a dietary C:P of 16:1 in females ( Supplementary Fig. 1 ). These findings are of great relevance, since they directly contradict previous claims that dietary carbohydrates play a lesser role in influencing lifespan (Grandison et al. 2009; Mair et al. 2005 ). The observations were previously overlooked because of the tendency to restrict DR studies to two food concentrations, as opposed to the experimental design of Lee et al., which explored a wide nutritional range.
Confirming the striking effect of carbohydrate ingestion on lifespan would represent a remarkable advance in the field and a departure from current dogma. Particularly, it remains unclear whether the observations can be confidently extrapolated to more common experimental settings. Most of the experiments conducted by Lee et al. were unconventional -flies were individually isolated in small vials and fed liquid foods throughout their entire lifespan, perhaps explaining the considerably short lives compared to those of traditionally housed flies ( Supplementary Fig. 1 ). Although a small subset of diets was tested in traditional demography cages, food intake was not measured in these trials (Lee et al. 2008) . Determining the role of carbohydrate and protein consumption on longevity in conventional rearing conditions, as well as in other strains and both genders, is crucial for informing future studies.
We fed male flies a series of different diets with varying yeast extract and sucrose content in a standard base containing agar and cornmeal. This agar-based solid medium is one of several regimes commonly used in Drosophila DR investigations (Katewa et al. 2012; Min et al. 2007; Zid et al. 2009 ). The lifespan of two commonly used laboratory strains, Canton-S and Dahomey, was measured and plotted as a function of both carbohydrate and protein consumption (Fig. 1A) . In each genotype, the longest lifespan was recorded on diets where flies ingested high carbohydrate and low protein levels. Maximal longevity was seen at a C:P between 10:1 and 20:1 (Fig. 1B) , consistent with the previously reported value of 16:1 (cf. Supplementary Fig. 1 ). Further increases in C:P shortened lifespan, a finding observed in studies using very high C:P diets (Lushchak et al. 2012) . The median lifespan in this trial for Canton-S flies on a C:P diet of 10.2:1 was unusually short-the interquartile range is likely more representative of survival across independent replicate experiments with a subset of diets ( Fig. 1B and data not shown). Our results extend published observations to an additional strain, gender, and dietary paradigm, demonstrating that the seminal findings of Lee et al. are not caused by the specific rearing conditions used in the original study and likely describe a phenomenon of general biological relevance. In agreement with their study, our results indicate that neither macronutrient (carbohydrate or protein) considered independently fully explains lifespan variation, supporting the notion that multi-dimensional interactions-namely the integration of both carbohydrate and protein intake-have by far the best predictive value in aging studies ( Fig. 1) (Lee et al. 2008; Simpson and Raubenheimer 2009 ).
Although it is commonly assumed that the protein content of yeast is its main contribution to fly diet, yeast also contains vitamins, minerals, and carbohydrates. We measured the effect of increased dietary protein on longevity using casein as a pure protein source. Flies on casein-supplemented low yeast diet, matching the protein content of the high yeast diet, showed similar food intake and survival to that of flies on high yeast food ( Fig. 2A and 2B ). Hence, our data support previous work suggesting that protein is the main component of yeast responsible for lifespan modulation in DR (Grandison et al. 2009; Min and Tatar 2006b ), although we cannot rule out that protein plays a lesser role in some of the other diets tested in this study. Importantly, the fact that the effect of yeast extract on both lifespan and feeding can be fully replicated using pure casein strongly indicates that yeast extract is a bona fide protein source for aging studies and that its effects are due to its protein content at the concentrations used in our diets, as opposed to possible nonspecific toxicity or micronutrient availability. This is important to establish, given that several different types of yeast are used in Drosophila DR research (Bass et al. 2007 ).
Previously, we showed that changes in food concentration can lead to dehydration stress due to compensatory feeding and lack of access to an independent water source (Ja et al. 2009 ). By preventing flies from independently regulating their food and water intake, typical laboratory housing regimens may induce morbidity. In contrast, the yeast extract-sucrosecornmeal regime used here has been shown to provide sufficient hydration (Ja et al. 2009 ). To confirm that the effect of diet on lifespan is not caused by differences in hydration, we compared the lifespan of flies maintained on one of our high-concentration diets with and without an independent water source. No differences in survival were observed following water supplementation (Fig. 2C) . The presence of water does not affect daily food intake in these conditions (Ja et al. 2009 ). Flies on several other diets were long-lived despite consuming even less food (and therefore less water) than flies on the 5% yeast extract + 5% sucrose food, suggesting that dehydration is also not a factor in these conditions.
Regulation of food intake
It has been traditionally assumed that fly nutrient intake could be directly inferred from the concentration of components in the diet. Recent observations challenge this assumption by demonstrating that flies can modify their food intake in response to changes in dietary composition (Carvalho et al. 2005; Ja et al. 2009; Lee et al. 2008; Skorupa et al. 2008; Vigne and Frelin 2010) . We measured food intake by labeling diets with a radioactive tracer, allowing us to precisely infer consumption over a 24-hour period and determine the relationship between food composition and macronutrient consumption. Measuring intake over prolonged periods is critical since feeding patterns change over time; richer foods tend to be consumed in larger meals in the short term, but this pattern is reversed over a longer period as nutritional targets are met (Simpson et al. 1989) . Surprisingly, increasing the food concentration of a component showed no significant correlation with increased intake of that component (Fig. 3) , with only protein showing a weak positive trend (no statistical significance) and calories and carbohydrate having, if anything, a negative trend. It is important to note that these trends to single nutritional parameters are largely uninformative since food intake is dependent on both carbohydrate and protein concentration in the diet.
Hence, we next looked at the effect of nutrient concentration on overall intake. Flies reduce their consumption as dietary carbohydrate content is increased at all three levels of yeast tested (Fig. 4A) , although the relative reduction is attenuated with increasing yeast concentration. Consumption is also decreased as yeast concentration rises, except at the highest level of sucrose tested (Fig. 4A) . This may be due to a floor effect based on how little food (and water) a fly can consume and still survive. A two-dimensional representation clearly shows that both carbohydrate and protein dietary levels dramatically impact food intake (Fig. 4B) . Generally, as the food concentration of a component increases, less total food by volume is ingested. The exact magnitude of the effect depends on the specific concentrations of all nutrients present, and it is possible to find conditions-such as in the presence of high concentrations of one nutrient-where varying the level of the other nutrient has little or no effect. Hence, consumption is not well-predicted by dietary carbohydrate or protein content alone (compare food intake to either axis individually in Fig.  4B ). Much like lifespan, food intake is best predicted by the concerted variation in both nutrients. Accordingly, we found that food intake is well-described by a non-linear relationship with the caloric content of the diet, possibly because caloric content reflects the contributions of both protein and carbohydrate simultaneously (Fig. 4C) . These findings illustrate the remarkable plasticity of Drosophila feeding behavior in response to nutrient availability and stress the importance of accurate measurements of actual intake in any studies involving food manipulation.
One shortcoming of feeding assays that rely on food-labeling is that different diets may alter the dynamics of the label-namely its absorption, metabolism, or excretion-which would confound consumption measurements. Cumulative feeding measurements made over two days demonstrate that signal accumulation is reasonably linear and, more importantly, relative food intake is consistent at multiple time points (Supplementary Fig. 2A ). Hence, our typical measurements at 24 h are within the initial linear range of label accumulation preceding signal saturation, suggesting that they reflect true consumption (Wong et al. 2008 ).
Nonetheless, we sought to rule out caveats with label dynamics by using an independent feeding assay that does not rely on food labeling. Similar relative differences in food intake were observed using the CAFE assay (Ja et al. 2007 ), confirming our observations with radioactive isotopes (Supplementary Fig. 2B ). Since the CAFE method employs liquid foods, we used identical recipes to the ones used for all other experiments, with the exception of cornmeal, which is not soluble and was therefore excluded from the media in the CAFE trials. The lack of cornmeal explains the difference in absolute feeding seen between the two techniques (cf. Supplementary Fig. 2A and B) , although the relative differences are remarkably reproducible. Indeed, food intake measurements from both assays, which were performed on a common initial population of flies, perfectly fit the same non-linear model when the caloric contribution of cornmeal is accounted for in the diet (Supplementary Fig. 2C ).
Discussion
Understanding the interactions between diet and longevity is critical for protecting against the rising incidence of age-related metabolic disease. Although it is fairly well-established that dietary restriction (DR) can affect longevity in many animals (Fontana et al. 2010) , methods used to implement DR vary greatly across model organisms. In mammals, DR and time-restricted feeding have both been used to improve health throughout the life course (Bordone and Guarente 2005; Hatori et al. 2012) . For example, DR has been shown to reduce the incidence of diabetes, cancer, and cardiovascular disease in non-human primates (Colman et al. 2009 ). However, unequivocal evidence regarding the effects of DR on mammalian lifespan is lacking. Since many of the core metabolic and molecular mechanisms involved in the response to DR are highly conserved, Drosophila has become an extensively used model to investigate the interaction between nutrition and lifespan. In the fruit fly, the effect of individual nutrients on lifespan remains less clear. While most studies agree that high protein intake is pernicious, the role of carbohydrates is controversial. Our observations support a central role for carbohydrates in longevity and highlight the importance of carbohydrate-protein balance for optimal lifespan.
Carbohydrate and protein ingestion determine longevity in Drosophila
In invertebrates, a convincing body of research argues that the ratio between protein and non-protein intake, rather than calories, is fundamental to the relationship between diet and longevity ). Recent studies in organisms including Drosophila melanogaster, Queensland fruit fly (Bactocera tryoni), the Tephritid fruit fly (Anastrepha ludens), and the field cricket (Teleogryllus commodus) increasingly support the view that consumption of an optimal ratio of carbohydrate to protein, with or without changes in caloric intake, is the key determinant of lifespan (Carey et al. 2008; Fanson et al. 2009; Lee et al. 2008; Maklakov et al. 2009 ). Using Drosophila, we demonstrate that a relatively high C:P (10:1 to 20:1) maximizes longevity in males (Fig. 1) , consistent with previous findings on females reporting an optimal C:P of 16:1 (Lee et al. 2008 ). Our results indicate that high protein consumption limits longevity, as previously suggested (Mair et al. 2005) and shown convincingly by Lee and colleagues. They also support the view that longevity is controlled by the interplay between carbohydrate and protein intake, in sharp contrast to the claim that carbohydrates have little to no effect in DR-mediated lifespan extension (Grandison et al. 2009; Mair et al. 2005 ).
The inaccurate conclusions drawn by previous studies regarding the role of carbohydrates may be due to the experimental paradigms used. The practice of using two dietary values chosen arbitrarily from a wide nutritional range inevitably leads to an incomplete picture. Classically, it has been common practice to assume that differences in lifespan observed upon varying yeast concentration in the food result from altered protein consumption. The reality, however, is that modifying the concentration of one food component often leads to a change in actual intake of all nutrients. The broad nutritional range characterized by Lee et al. shows that specific dietary sub-ranges can be found where lifespan is greatly affected by varying protein consumption alone (Lee et al. 2008 )-a trend reflected here (Fig. 1A) . However, other sub-ranges exist where changes in protein intake have no effect; while others yet show changes in carbohydrate intake at constant protein levels dramatically impacting longevity. Thus, studies drawing general claims from manipulations in a limited, arbitrary range are likely to be incomplete at best. The work of Lee et al. provides the most complete description to date of the influence of diet on longevity; nutritional geometry, the analytical technique employed by the authors, is the most powerful approach available to elucidate the interaction between nutrition and physiological parameters such as lifespan (Lee et al. 2008; Simpson and Raubenheimer 2007) .
Our results extend previous findings on females fed liquid diets to males of two different strains maintained in more common rearing conditions. The importance of examining multiple genotypes is increasingly emphasized in aging studies. Although we observe that Dahomey is somewhat less sensitive to dietary changes than Canton-S, we observe identical trends in the dietary modulation of lifespan in both strains (Fig. 1) .
Although lower C:P diets shorten lifespan, they may be beneficial for other physiological functions such as growth and fecundity (Lee et al. 2008 ). This phenomenon is not speciesspecific-in Queensland fruit flies, high dietary C:P is associated with increased lifespan while low C:P is associated with increased egg production (Fanson et al. 2009 ). Intermediate C:P is associated with maximal egg-laying over the life course, demonstrating that macronutrient ratio can be optimized for specific physiological functions.
Since the majority of Drosophila DR studies modulate dietary yeast concentration as a surrogate for protein, it is important to consider that yeast is not only a source of amino acids but also vitamins, minerals, and carbohydrates. A recent study on Queensland fruit flies used chemically defined diets to manipulate the dietary amino acid content-while maintaining constant macro-and micronutrient consumption-and showed that the effect of yeast on lifespan can be attributed to changes in dietary C:P . Our work using casein as a pure protein source ( Fig. 2A ), taken together with previous studies pointing to the role of amino acids in regulating Drosophila lifespan (Grandison et al. 2009; Min and Tatar 2006b) , supports the view that protein is the main component of yeast affecting longevity-at least, at the concentrations used. However, both protein and carbohydrate ingestion must be considered to fully understand the nutritional effects on longevity.
Food intake measurements are necessary to interpret nutritional effects
Constant food intake in response to changes in nutrient concentration has previously been observed (Grandison et al. 2009; Mair et al. 2005; Min and Tatar 2006a; Wong et al. 2009 ). The majority of these studies rely on methods with extremely low sensitivity. Counting the fraction of flies eating at a given time (Mair et al. 2005) does not address food intake volume. Although bona fide changes in feeding volume may in some cases be inferred with this assay (Barnes et al. 2008; Wong et al. 2009 ), provided they are accompanied by sufficiently dramatic changes in feeding frequency, this technique simply cannot be used to rule out a change in food consumption . Such claims are uninformative and potentially erroneous. Dye-labeling, on the other hand, does measure intake and can be used to indicate some changes in consumption (Carvalho et al. 2006; Edgecomb et al. 1994 ), but lacks the sensitivity of radioisotope-labeling and the CAFE assay, and thus is also inappropriate to rule out feeding changes. Moreover, dye-labeling is a short-term technique, since dye excretion begins 30-60 min after initial ingestion (Wong et al. 2009 ). Dye feeding is therefore not necessarily reflective of long-term consumption.
We used a radioactive tracer as the label for food intake, permitting us to measure consumption under identical conditions to those used for the lifespan trials. While label dynamics-including absorption, elimination, and metabolism-are a theoretical concern, previous studies have shown that accumulation of the radioactive tracer over 24 hours is nearly equivalent to the actual rate of ingestion (Carvalho et al. 2006; Carvalho et al. 2005; Ja et al. 2009 ). Additionally, it has been shown on multiple diets that only ~5% of the consumed tracer is excreted within the 24-h feeding period (Zeng et al. 2011) . We show that tracer accumulation is reasonably linear over two days and relative differences in consumption between diets remain stable during this period (Supplementary Fig. 2A ), supporting the reliability of the results we report here using radioisotope labeling. Regardless, for the sake of rigor it is ideal to validate results obtained with food labels using an independent assay. Using the CAFE (Ja et al. 2007 ) to directly measure the consumption of yeast/sucrose liquid diets, we observe relative changes in food intake consistent with those seen with the radiolabeled media ( Supplementary Fig. 2B ). Moreover-and irrespective of the feeding assay used-absolute intake volume is predicted with remarkable accuracy when considering the total caloric content of the food (Supplementary Fig. 2C ). These results support the validity of the radioactive tracer measurements and rule out that our observations are a product of technique-specific artifacts.
Surprisingly, protein and carbohydrate content of the food are poor predictors of protein and carbohydrate consumption, respectively. Indeed, increasing the protein or carbohydrate content of the diet can in certain cases lead to lower intake of that particular nutrient (Fig. 4) . This counterintuitive finding is due to total food intake being dependent on the concentrations of all nutrients, not simply protein or carbohydrate alone. The lack of a correlation between dietary composition and actual nutrient consumption further supports the need for accurate feeding measurements in nutritional studies.
Although caloric consumption does not correlate well with lifespan, calorie content of the diet predicts feeding rate with remarkable accuracy (Supplementary Fig. 2C ), suggesting that food intake may be determined, at least in some conditions, by caloric content of the diet. If this turns out to be the case, our measurements during the lifespan trials indicate that young Canton-S males have an intake target of 0.40 cal/d (Fig. 4C) , which compares well to the 0.36 cal/d calculated from our recent measurements using CAFE and radiolabeling ( Supplementary Fig. 2C ). Further studies are required to validate the conditions where flies compensate feeding based on calories regardless of the source of those calories. Protein, for example, likely has a much higher value to females, given the different protein demands for reproduction and general energy needs. Additionally, different sources of protein and carbohydrate may have varied physiological values due to direct effects on feeding behavior (i.e., taste and palatability) and metabolism.
Our findings stress the central point that directly measuring long-term food intake should be an integral element of any studies on food manipulation. Further work will be required to fully elucidate the nutritional drivers of compensatory feeding. Regardless, it is firmly established that flies have the capacity to dramatically adapt their feeding behavior in response to dietary changes. Naturally, it remains a possibility that in some experimental paradigms this phenomenon does not occur. It behooves each investigator manipulating diet to rigorously measure food intake in the various conditions utilized.
Metabolism and aging
Our results suggest the possibility of a threshold, over which an excessive proportion of carbohydrate intake shortens life ( Supplementary Fig. 1B ). High dietary sugar content promotes measures of obesity, which are magnified with aging (Skorupa et al. 2008 ). Bertrand's rule-historically applied to micronutrients-may also apply to dietary carbohydrate and protein consumption. This rule states that increasing benefits are observed with increased consumption, but excessive intake is toxic (Raubenheimer et al. 2005) . In agreement with this, nutrient excess raises triglyceride stores and can contribute to "lipotoxicity" (Birse and Bodmer 2011) .
Nutrient stores also correlate with fecundity and survival under starvation (Djawdan et al. 1998; Schwasinger-Schmidt et al. 2012) . In Drosophila DR, increased endogenous energy storage and mobilization are associated with longevity (Katewa et al. 2012) . DR may constitute a physiological stress, similar to but not as extreme as starvation, and in this context maximal lifespan may only be achievable with sufficient energy.
Conclusion
We emphasize the importance of carbohydrate and protein intake for optimal lifespan. Our results support previous work relating longevity with reduced protein and high carbohydrate intake. The complex interplay between nutrient balance and aging highlights the necessity of accurately measuring food intake when conducting lifespan studies. Further studies are required to obtain a clearer understanding of optimal nutrient requirements throughout life to identify preventative dietary interventions.
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Highlights
• Both high carbohydrate and low protein consumption are required for maximal longevity.
• Diet concentration does not predict actual nutrient ingestion due to compensatory feeding.
• Volume of food consumption may be driven by a target caloric intake. Relationship between lifespan and macronutrient consumption. (A) Effects of protein and carbohydrate intake on median lifespan of Canton-S (left) and Dahomey (right) male flies. Protein and carbohydrate consumption are determined from accumulation of radiolabeled food over 24 h. Circle size scales with increasing longevity and the median lifespan at each point of protein and carbohydrate ingestion is shown. Longevity is maximized at an optimal C:P between 10:1 and 20:1, in agreement with previous studies on female Canton-S flies (Lee et al. 2008 ) that identified the optimum at 16:1 (solid line). The power fit and R 2 value are shown. When b = 1, the product of food intake and dietary caloric content is a constant, m, which describes a daily caloric intake target. When b > 1, over-feeding occurs as the caloric value of the diet decreases. The non-linear relationship between food intake and dietary caloric content was also tested using Spearman's correlation coefficient and confirmed a strong negative correlation (r = −0.90, p = 0.005). All results are for Canton-S males.
